A blurred boundary leads to an increment of the brightness independently of the physical luminance value (Gori and Stubbs 2006; Kennedy 1976; Todorovic¨2006; Zavagno 1999) . Zavagno (1999) described the glare impression produced by his patterns as a bright light source. This brightness increment seems to involve a cortical process and cannot be explained by a retinal or LGN mechanisms, as shown by Lu et al (2006) . In fact, these authors reported that the duration of a glare-pattern afterimage did not differ from a figure afterimage with no blurred boundaries. Moreover, the size of achromatic contrast is largely affected by edge appearance. Burgh (1964) showed an increase of achromatic contrast in a classical simultaneous-contrast display by blurring the edge of a grey test patch, which he obtained by defocusing the projector at the edge of the grey target region.
The blurred boundaries can affect the brightness of a superimposed figure with sharp boundaries (Agostini and Galmonte 2002a) . Agostini and Galmonte showed that a middle-grey region placed at the centre of an area filled by a linear achromatic gradient from black (outer part) to white (inner part) is perceived to be much darker than an identical middle-grey region surrounded by a reversed gradient. This phenomenon appears significantly stronger than the classical achromatic simultaneous-contrast effect. According to the authors, these results cannot be interpreted within the framework of lateral inhibition theories, which claim that the brightness of a region is the result of a process of inhibition determined only by the intensity of its surround (Agostini and Proffitt 1993) . Also, Gilchrist et al's (1999) theory cannot explain this result satisfactorily. A possible explanation is that the luminance gradient in Agostini and Galmonte (2002a) display is perceived by the visual system as a change in the illumination level, rather than as a change in the reflectance of the surfaces. This interpretation is congruent with the logic of the albedo hypothesis (Kozaki and Noguchi 1976) , which states that there is an invariant relationship between perceived surface brightness and perceived illumination level. An error in perceived brightness accompanies an equal but opposite error in perceived illumination.
It is noteworthy that blurred boundaries also produce a variation of size and brightness in dynamic presentation (Gori and Stubbs 2006) . This effect, known as the Breathing Light Illusion (BLI), consists of a blurred white spot on a black background (figure 1, top left quadrant). This spot appears wider, brighter and more diffuse when it is approached, but smaller, darker and sharper when one recedes from it (Gori and Stubbs 2006) . These illusory phenomena have been explained as a superimposed negative afterimage on the physical stimulus due to the dynamic presentation (Anstis et al 2007) . When one observes a BLI pattern statically from a certain distance (time 1), a negative afterimage is formed immediately at the retinal level. Approaching the pattern, reducing the viewing distance, causes a superimposition of the negative afterimage of the blurred spot (formed in time 1) on the physical blurred spot (time 2). The subtraction of the negative afterimage luminance profile of the blurred spot created at time 1 from the physical luminance profile of the blurred spot formed in time 2 accounts for the BLI. Anstis et al (2007) presented several examples in support of their theory and also showed that both increments (brightness and size) disappear approaching the BLI with the suppression of the negative afterimage.
Interestingly, the observers also reported that, when approaching a pattern in which a grey disk with a sharp boundary was superimposed on the BLI, the blurred area appeared brighter and, simultaneously, the disk darker. Vice versa, when one receded from the stimulus, the blurred spot was perceived darker and the disk brighter (Gori and Stubbs 2006) .
In the present study we aim to measure this dynamic brightness variation resulting in an indirect quantification of the BLI. We propose to explain the increased simultaneous contrast in terms of a causal relationship between two linked perceptual processes.
Experiment 1
In experiment 1 we tested three different grey disks that have a sharp boundary superimposed one by one on the centre of the BLI. We aimed to quantify the differences in perceived luminance of the disks between a static and a dynamic (ie when the subject approaches the stimulus) condition.
2.1 Methods 2.1.1 Subjects. Fifteen naive subjects (mean age 22 years; SD 6X8 years) participated in the study. All had normal or corrected-to-normal visual acuity.
Stimuli.
A circular BLI (diameter 20 cm) with a linear luminance profile from dark (luminance 1X9 cd m À2 ) in the outer part to bright (luminance 86 cd m À2 ) in the centre served as a background. Three different uniform grey disks (luminance values respectively 8.6, 23.5, 48.4 cd m À2 ) with sharp boundaries were superimposed one after the other on the BLI (figure 2). Every stimulus was paired with a seven-step log luminance scale (scale 1 luminance values 8X6, 7.3, 6.4, 5.4, 4.6, 4, 3.4 2.1.3 Procedure. The subjects' task was to match the brightness of one disk with that of a second disk with a seven-step log luminance scale both in static and dynamic conditions. In the static condition the subjects were seated 80 cm away from a 15 inch LG monitor (CRT). The diameter of the BLI measured 14.2 deg, while that of the superimposed disks measured 1.9 deg. The subjects observed the stimuli with central fixation, without time constraints. When the subjects were able to estimate the brightness of the disk, the stimulus disappeared and the log luminance scale was presented on the side of the screen. The subjects had to decide which disk of the log luminance scale had an equal luminance as the disk located inside the stimulus. Intermediate values between the steps of the log luminance scale were also accepted as possible answers.
The same three stimuli were shown in dynamic condition. When the stimulus appeared on the screen, the subjects had to move their head quickly from 80 cm to 40 cm away from the screen, where a chin-rest stopped the head movement. Thus, the diameter of the BLI changed from 14.2 to 28 deg and that of the superimposed disk from 1.9 to 3.6 deg. When the subjects reached the chin-rest, the stimulus automatically disappeared and the log luminance scale was shown on the side of the screen. The task was the same as that in the static condition. After the two sessions the subjects were also explicitly asked to report in which condition the disk was perceived darker.
The two conditions and the stimuli were randomised in each experimental session.
Results
The results (figure 3) showed that a clear increment of illusory contrast magnitude occurs under the dynamic condition. Indeed, the disk was perceived significantly darker than under static condition at all brightness values (repeated-measures ANOVA: F 1 14 20X4, p 5 0X001). The magnitude of the effect was different for the three disks (figure 3). The inner disk presented in dynamic condition was always perceived darker than the one in static condition. All disks were perceived as darker than their physical value (figure 3). 
Discussion
The results suggest that both the presence of a gradient on the background (necessary for the BLI effect) and the dynamic viewing (responsible for the superimposition of the negative afterimage on the physical stimulus in the BLI) are crucial factors in the increment of the perceived contrast of the disk with sharp boundaries. In the static condition, the difference found between the disk superimposed on the blurred background and its physical value on the log luminance scale on a white background confirms the effect reported earlier by Agostini and Galmonte (2002a) . These results indicate that the enhanced perceived contrast of the inner disk in the static condition is based on the change in brightness due to the blurred boundaries.
The novelty of this study rests in the difference in brightness that resulted between static and dynamic condition. This result is an indirect quantification of the BLI. Two illusory phenomena occurred during the dynamic presentation: increased perceived contrast in the inner circle and enhancement of brightness characterising the BLI. Either a single underlying mechanism or two successive underlying mechanisms could be involved in the occurrence of these two illusory effects. Consequently, the following issues need resolving: (i) Can we test the idea that the difference in brightness of the disk is really caused by the superimposition, as a result of motion, of the negative afterimage of the blurred spot on the physical blurred spot, instead of being just due to the motion itself? (ii) Could the distance from the stimulus alone cause the variation in brightness of the BLI and lead the simultaneous contrast to affect the brightness of the grey superimposed disk? The next two experiments addressed these two questions.
Experiment 2
In experiment 2 we tested whether the motion itself could explain the change in brightness of the inner disk between the static and dynamic conditions. If the dynamic presentation is sufficient to provide similar results to experiment 1, this would mean that the blurred background is unnecessary for this phenomenon.
3.1 Methods 3.1.1 Subjects. Fifteen new naive subjects (mean age 25 years; SD 4X8 years) participated in the study. All had normal or corrected-to-normal visual acuity.
3.1.2 Stimuli. A white disk (luminance 86 cd m À2 ) with a 14 cm diameter surrounded by black annulus (luminance 1X9 cd m À2 ) with a 20 cm outer diameter served as background for the stimulus. The average luminance of the background was exactly the same as that of the BLI used in experiment 1. The three different uniform grey disks used earlier in experiment 1 were superimposed one after the other on the background described above. Each stimulus was paired with a seven-step log luminance scale (scale 1 luminance values 13X8, 11.7, 10.2, 8.6, 7.3, 6 .4, 5.4 cd m À2 ; scale 2 luminance values 37.5, 31.9, 27.2, 23.5, 20.1, 17.2, 14.6 cd m À2 ; scale 3 luminance values 76.9, 65.9, 56.8, 48.4, 41.6, 35 .3 cd m À2 ) (figure 4). The difference in the values of the log luminance scale from those in experiment 1 is due to the different background: without blurred boundaries no enhancement of the contrast for the disk is expected in the static condition. 3.1.3 Procedure. The procedure was the same as that used in experiment 1, but the aforementioned stimuli were employed.
Results
The results showed no difference between static and dynamic condition (repeatedmeasures ANOVA: F 1 14 1X75, p 0X2). All three disks were perceived as equal to their physical value on the log luminance scale.
Discussion
The results demonstrated that the presence of a gradient on the background (necessary for the BLI effect) is crucial to produce a brightness reduction in the disk, as found in the dynamic condition of experiment 1. Without the brightness increment in the background, the brightness of the disk with the sharp boundary does not change. The motion itself and, consequently, the superimposition of the negative afterimage of the inner disk (produced at time t1, ie at an 80 cm viewing distance) on the physical inner disk (time t2, ie at a 40 cm viewing distance) does not significantly affects its brightness. These results are in agreement with the explanation of the BLI provided by Anstis et al (2007) . Moreover, the absence of a luminance gradient in the background cancels out the enhanced simultaneous contrast observed by Agostini and Galmonte (2002a) .
Experiment 3
In experiment 3 we tested whether the motionöand, consequently, the afterimage of the BLI in the backgroundöis necessary to explain the difference between dynamic and static conditions found in experiment 1, or if the change of the retinal size of the blurred spot by itself is sufficient to produce the previously described phenomenon.
4.1 Methods 4.1.1 Subjects. Fifteen new naive subjects (mean age 24 years; SD 5X6 years) participated in the study. All had normal or corrected-to-normal visual acuity. 4.1.2 Stimuli. The same stimuli as in experiment 1 were used. 4.1.3 Procedure. The procedure was the same as in experiment 1, except that the dynamic condition was replaced by another static condition where the viewing distance was reduced to 40 cm.
Results
No differences in brightness between the two distances is experienced (repeated-measures ANOVA: F 1 14 2X15, p 0X17).
Discussion
The absence of motion leads to no illusory effect in the target disk. This result implies that without the superimposition of the negative afterimage of the blurred background on the physical background itself no enhancement of contrast between the centred disk with sharp boundary and the BLI occurs. This result strengthens the conclusions reached by Anstis et al (2007) which describes the BLI phenomenon in terms of afterimage. Our results prove that the difference in brightness observed when the subject approaches the BLI cannot be explained as a simple change of the retinal size of the blurred spot. Blurred background and dynamic increment in angular size are both necessary for this brightness reduction on the centred grey disk with sharp boundary to occur.
General discussion
In our study, the brightness variation of the blurred spot of the background is likely to be caused by an afterimage (Anstis et al 2007) . On the contrary, the variation of the brightness of the inner disk cannot be due to the afterimage of the disk being , , superimposed on the physical inner disk, nor to angular size variation. It seems that the only plausible explanation for the changes in the brightness of the inner disk is the simultaneous contrast caused by the afterimage of the BLI.
To conclude, this work indirectly quantifies the brightness variation of the BLI by means of simultaneous contrast of the superimposed disk. This phenomenon demonstrates that the mechanisms underlying the perceptual domain may not only interact but be causally linked (Gori et al 2008) . This finding seems not only empirically relevant, but also encourages pursuing further the theoretical understanding of the dynamics involved in processes creating percepts.
